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CHAPTER I 
INTRODUCTION 
CHAPTER I 
Introduction 
High Energy physicists started studying relativistic heavy-ion interactions in 
1986 with fixed target experiments at CERN's SPS using the beam of Oxy-
gen nuclei at 200 GeV per nucleon incident energy and at the Brook Haven 
Alternating Gradient synchrotron (AGS) with beam of oxygen nuclei at 14.6 
GeV/nucleon. Since then interest in this field has tremendously grown. At-
tempts are being made to produce beams of heavier and heavier ions of as 
high energy as possible. 
The new phase of heavy-ion experiments started in 1992 at CERN and 
BNL with gold ions of 10 GeV/nucleon energy at AGS and lead ions of 60 
GeV/nucleon incident energy at CERN. A big collider known as Relativistic 
Heavy-Ion Collider(RHIC) was constructed at BNL. It started functioning 
in 2001. Another gigantic and state-of-the-art collider, Large Hadron Col-
lider (LHC), is being constructed at CERN and will be commissioned in 2007. 
The details about the experimental facilities for studying high energy nuclear 
collisions involving different ion beams and centre-of-mass energies are listed 
in Table 1. 
T a b l e l . l Heavy-ion accelearators and colliders. 
Accelerator Operation year Type Projectile VS{GeW/c) 
AGS,BNL 1986 Fixed target 28gj 5 
SPS,CERN 1986 Fixed target 16o^32g 19 
AGS.BNL 1992 Fixed target I'^^Au 5 
SPS,CERN 1994 Fixed target 208pb 17 
RHIC,BNL 2000 Collider ^^ ^Au 200 
LHC,CERN ~2007 Collider 208pb 5500 
RHIC[1] is capable of accelerating and colliding ions ranging from protons 
to heavy nuclei such as gold nuclei at the centre- of- mass energies upto 500 
GeV for protons and 200 GeV per nucleon pair for gold nuclei; but a big rev-
olution is expected to occur in heavy-ion collision experiments from the year 
2007 when the Large Hadron Collider will become functional at CERN. The 
LHC will produce (c.m.energy ~ 5.4 TeV/nucleon) in ^ospb-^ospb collisions. 
The basic reason behind the increasing interest in the field of ultra-
relativistic heavy-ion interactions is the possibility of searching for a new 
phase of nuclear matter called the Quark-Gluon Plasma(QGP) which is en-
visaged to be the densest and the hottest form of nuclear matter. In partic-
ular, one expects to reach the condition under which a phase transition from 
hadronic matter to a deconfined state, quark-gluon plasma might take place. 
Physicists believe that QGP might have been produced just before few mi-
cro seconds after the Big Bang. The second possible place for the formation 
of QGP is the core of neutron stars, where the energy density is very high 
and its temperature is low, the so called cold QGP is produced in the core 
of the neutron stars. It may be of interest to mention that it is the state 
which is observed in the latter phase of a star evolution with the death of the 
star. The above mentioned two sources of the formation of QGP are quite 
impossible as one cannot expect occurrence of another Big Bang condition 
and neutron stars are too far away. 
Hence, the only way to investigate the formation of QGP is by producing 
it through the creation of a little Big Bang in the collision of two very heavy 
nuclei at ultra-relativistic energies. 
Quark-gluon plasma is a novel phase of matter predicted by the theory of 
strong interactions. Quantum Chromodynamics(QCD). It is envisaged to be 
formed when nucleons made up of quarks and gluons are either compressed 
to a high pressure or heated to an extremely high temperature. 
The protons and neutrons that constitute the normal matter may be 
considered as bag of three quarks held together by the glue of strong inter-
heac qjuank-gluon 
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Figure 1.1 Phase transition originated by a high temperature and/or 
a high baryonic number density. 
actions. Virtual quark-antiquark pairs are also present momentarily created 
by gluonic self- interactions. Due to heating or compression, the individual 
nucleons may disappear, forming plasma composed of dissolved quarks and 
gluons. In quark-gluon plasma, quarks and gluons behave as these were al-
most free. A temperature of ~ 150-200 MeV (~10^^ K) is thought to be 
needed for producing QGP. On the other hand, cold QGP may be formed 
at high energy densities: about ten times the normal nuclear density (~ 
0.14GeV//m3). 
QCD predicts that at sufficiently high energy density the matter should un-
dergo a phase transition into a plasma of free quarks and gluons. This is 
illustrated in Fig l-Z 
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Figure /.2. Phase diagram of nuclear matter and nuclear collisions. 
When QGP will be formed after the collisions of two heavy nuclei at 
high energies, the produced matter is believed to make transition from the 
de-confined phase of QGP to the confined one of hadrons on subsequent cool-
ing. 
1.1 QGP SIGNATURES 
An important goal in the study of ultra-relativistic heavy-ion collisions is to 
search for the evidence of QGP formation. The particles which arise from 
the interaction between the constituents of the plasma will provide vital in-
formation about the state of the plasma. 
Detection of these particles and study of their various characteristics, 
i.e., temperatures, momenta, invariant masses, etc., will serve as useful sig-
natures of QGP formation. Various signals have been proposed for studying 
the formation of QGP. Some of these signals are dilepton production, direct 
photon production, heavy-quarkonia suppression, enhancement in strange 
particles production, and dynamical fluctuations in multiplicity and pseudo-
rapidity distributions of the secondary particles produced. 
1.1.1 Dilepton production in QGP 
In the de-confined state of quark-gluon plasma, medium lepton pairs 
are produced through the interactions of quarks and anti-quarks via the me-
diator, virtual photon 7*. 
q + q^Y ^l+r (1) 
The produced pair, l'^l~ is known as lepton pair or dilepton. These electro-
magnetically interacting pairs with the intervening hadronic medium leave 
the dense and hot reaction zone almost unaffected and carry information 
about thermodynamical state of matter at the time of its creation. However, 
quark-gluon plasma may not be the only source of dilepton production in 
high energy heavy-ion collisions. There are other processes as well which 
contribute to the dilepton production. One of the other main sources of 
dilepton production is Drell-Yan process[2,3] in which a quark of a nucleon 
of one of the colliding nuclei can interact with an anti-quark of a nucleon of 
the other colliding nuclei to form a virtual photon which would subsequently 
decay into a l^l' pair. Furthermore, the interaction of charged hadrons with 
their antiparticles, like n'^ + -K~ —> l^l~ and the decay of hadron resonances 
such as p,0J,(t) and J/t/' would contribute to dilepton production. 
It is worthmentioning that lepton pairs originating from quark-gluon 
plasma are identifiable only from the invariant masses above 1-1.5 GeV[4-
7]. 
1.1.2 Photon production in QGP 
An electromagnetic interaction between the constituents of plasma is re-
sponsible for the emission of photons from QGP environment. These are 
called direct photons and their multiplicity in the plasma rises as the square 
of the total number of the charged particles produced. Direct photons are 
considered as a clean signal of the QGP formation for these are not affected 
by the intervening hadronic medium. Annihilation of quark-antiquark in the 
plasma is the most important process for the direct photon production. 
q + q -^ j-h g (2) 
Other process of photon production in QGP is the QCD-Compton scattering. 
q + g -^1 + Q (3) 
q + g-^J + q (4) 
The photon production rate and the photon momentum distribution de-
pend on the momentum distributions of the quarks, antiquarks and gluons 
in the plasma, which govern the thermodynamical condition of the plasma. 
Therefore, photons produced in the QGP may carry vital information regard-
ing the thermodynamic state of the medium at the time of their production. 
1.1.3 J/ip suppression in QGP 
J/V' is a bound state of charm, c and anticharm, c-quarks. The suppres-
sion of J/V' production in QGP is regarded[8] as one of the most significant 
signatures of deconfinement of quarks at extremely high temperatures. In 
the QGP medium the color charge of a quark is screened due to the presence 
of quarks, anti-quarks and gluons in the plasma. This phenomenon is called 
Debye screening. The Debye screening will weaken the interaction between 
c and c. 
8 
Due to very high temperature of the QGP medim, c and c, forming 
J/?/;, will be deconfined and hence as the temperature would rise above a 
critical temperature, there will be no bound state between c and c. This will 
result in the suppression of 3/Tp production in QGP phase[9]. 
1.1.4 Strangeness enhancement 
Enhancement in the production of strange particles in comparison to light 
quarks(u and d) has been proposed as a possible signal of QGP formation 
in ultra-relativistic heavy-ion collisions[10,ll]. Within de-confined QGP, the 
high temperature will surely overcome the difference of mass among s and 
u and d quarks and ss pair production is described well by the two lowest 
order QCD processes[12,13]. Firstly, a gluon pair in the plasma annihilates 
to create an ss pair through the reaction 
g + g ^ s + s (5) 
Secondly, strange quarks and antiquarks may be produced in the collisions 
of light quarks and antiqurks through the reaction 
u + u -^ s + s (6) 
d + d^ s + s (7) 
1.1.5 Dynamical fluctuations as a probe of QGP pro-
duction 
Fluctuations depend on the properties of a system and may carry signifi-
cant information about the intervening medium created in the collisions[14-
19]. 
Underlying dynamics of multiparticle production in relativistic nuclear colli-
sions can be very well understood by studying the occurrence of fluctuations 
in these collisions. 
Dynamical fluctuations may arise due to some physical processes tak-
ing place in the collisions. As an after effect of the formation of QGP, the 
multiplicity and pseudorapidity distributions of the secondary particles may 
show large non-statistical fluctuations in some events. An event-by-event 
analysis of fluctuations will surely help in separating dynamical and statis-
tical fluctuations. Experimental and theoretical understandings are merg-
ing together to relate the fluctuations with phase transition of the confined 
hadronic matter to QGP. 
1.2 Motivation behind the present work 
One of the possible approaches for investigating the dynamics of mul-
tiparticle production in relativistic heavy-ion collisions is to investigate the 
10 
occurrence of fluctuations in particle density distribution of the particles 
produced in these collisions. These fluctuations may arise due to statistical 
reasons or may be due to occurrence of an uneven phenomenon during the 
collision. 
It may be noted that creating an environment for QGP formation does not 
mean that all heavy ion collisions at ultra-relativistic energies would produce 
QGP. It is believed that fluctuations in multiplicity distributions of hadrons 
produced in heavy-ion collisions at high energies may be used to examine 
whether the quark-gluon system has undergone a phase transition[20]. 
Event generators, based on the models on multiparticle production, pro-
vide an opportunity to analyse and compare the experimental results with 
the model predictions. These event generators generate similar events and 
one may carry out a parallel analysis of the simulated data. In order to 
disentangle information regrading dynamical fluctuations in particle density 
distributions, various methods of analysis such as F^, G^ moments, etc., have 
been developed. In the present work, the Fq moments have been calculated 
for 4.5A and 14.oA GeV/c ^^Si nucleus collisions. 
The second chapter of the Dissertation describes the details of the tech-
niques used. The scanning procedures, mechanism of track formation, various 
11 
track parameters and their measurements are adequately discussed. 
Approach df Bialas and Peschanski[21] has been used in the present work, 
for investigating the behaviour of non-statistical fluctuations in relativistic 
nuclear collisions. In the present study, experimental data are systematically 
analysed in terms of the scaled factorial moments as a function of decreasing 
rapidity bin sizes. The scaled factorial moments are predicted[21] to exhibit 
power law behaviour with decreasing bin width, referred to as "Intermit-
tency". Various aspects of intermittency are discussed in Chapters. 
Fractal dimensions give a complete description of the scaling behaviour 
of the fractals. Scaling behaviour is studied using the method of multifractal 
moments, proposed by Hwa and others[22,23]. These workers have suggested 
a power law behaviour similar to that of scaled factorial moment as an indi-
cation of underlying dynamics. Gq moments are systematically studied and 
the results are presented in Chapter IV. 
Finally, in Chapter V we briefly describe the results obtained in the 
present work; the conclusions drawn are discussed. 
1.3 Models of high-energy nucleus-nucleus collisions 
Several models have been proposed to explain experimental data on heavy-
ion interactions at relativistic energies. They essentially differ in their basic 
12 
assumptions but aim to multiparticle production in these interactions. We 
briefly describe the salient features of some of the most important models in 
the following section. 
1.3.1 Hydrodynamical model 
This model assumes that[24,25] mean free path of a particle in an interaction 
is small as compared to the size of the system. This model envisages that 
when two nuclei collide, they combine together and form a fluid drop. The 
properties of the resulting fluid drop are characterized by general thermody-
namic laws. It is important to mention that there are certain fundamental 
preconditions which are essential to be fulfilled during the collision of nuclei: 
(a) Colliding nuclei should possess large number of degrees of freedom, ie., 
time interval necessary for the system to attain equilibrium state must be 
comparable to the collision time. 
(b) The strength of interaction between the target and projectile nuclei must 
be large enough so as to ensure creation of a single fluid droplet. The pro-
duction of secondary particles in the collision takes place mainly from the 
resulting fluid drop which is created by the combination of drops correspond-
ing to the colUding nuclei[24]. 
Hydrodynamical model takes into consideration two nuclear fluids, ie., the 
13 
target and the projectile nuclei. The properties governing the fluids are in-
fluenced by energy, linear momentum, etc. of the resulting fluid drops. 
1.3.2 Wounded nucleon model 
The Wounded Nucleon model[26] helps us understand the mechanism of 
multiparticle production in relativistic nucleus-nucleus collision[27]. This 
model visualizes that the number of relativistic charged particles created in a 
nucleus-nucleus collision should be identical to the mean number of wounded 
nucleons, W. The average particle multiplicity for sample on A-A collisions 
at a given projectile energy is given as: 
r^AA = ^VF^f (8) 
where n^^^ is the average particle multiplicity in p-p collisions at the same 
energy; W is the number of wounded nucleons which depends on impact pa-
rameter[26,28], density and nuclear radius. 
The multiplicity per participating nucleon, M = ^ ^ , is another important 
and useful quantity that is considered. It is used in comparing the multiplic-
ities of colliding systems of different sizes. However, M is envisaged[27] to 
depend only on the dynamics of collision and not on the impact parameter, 
b. The number of wounded nucleons in a nuclear interaction is given by [26]: 
14 
W=:A/-^-^Ap''-^ = Wr + Wp (9) 
where apr is the total inelastic cross-section for the projectile nucleus inter-
acting with the target nucleus, a^p and CTATT are the inelastic cross-sections 
for the interactions of nucleon with projectile and target nuclei respectively, 
WT and Wp are the numbers of the wounded nucleons of the target and 
projectile nuclei and Ap and AT are the mass numbers of the projectile and 
target nuclei respectively. 
According to Glauber model[29], in central nucleus-nucleus collisions, the 
maximum impact parameter, bjnax is used to determine the total number of 
wounded nucleons which is estimated by using the following expression: 
(^part = T^bl^ax = (^PT Ncentral I^total (10) 
where Ncentrai and Ntotai denote the numbers of central collisions and to-
tal events respectively. According to the Wounded Nucleon model the cross 
section for the excited nucleons due to collisions should be the same as the 
unexcited ones. The mean numbers of collisions made by the projectile and 
target nucleons are calculated by the following expression: 
15 
ur = A / - ^ (11) 
and 
up = A / ~ ^ (12) 
The total number of collisions made by the colliding nucleons may be calcu-
lated from: 
V = Wpi/T = WT^P (13) 
The results obtained for the experimental and the FRITIOF data on 200 
GeV/c p-Em, ^^O- and '^^S-Em interactions and 158A GeV/c Pb-Pb colli-
sions agree reasonably well with the corresponding values predicted by the 
Wounded[27,29,30] nucleon model. 
1.3.3 Collective tube model 
According to collective model[31], the colliding nuclei are made up of paral-
lel nuclear tubes that lie along the direction of the beam. It is predicted[32] 
that the collision between two nuclei, may be regarded as a superposition of 
many tube-tube collisions. The impact parameter and cross section are the 
main parameters that determine the number of collisions. The value of cross 
16 
section a is given by: 
pp 
where af^ is the inelastic cross-section for p-p interaction, and o represents 
the approximate value of cross-section. 
It is interesting to note that in the centre-of-mass frame, the Lorentz con-
traction make the colliding nuclei appear like narrow discs, so that tube-tube 
collision may be regarded as collision between particles. The square of the 
centre-of-mass energy defined in terms of Mandelstam variable s, in a tube-
tube collision, is estimated from: 
Si,,i2 = 2iii2mp (14) 
where z'l and ?2 represent the numbers of nucleons in the tubes corresponding 
to colliding nuclei, p is the momentum per nucleon of the incident nucleus in 
the laboratory frame and m is the nucleon mass. It can be concluded that 
A-A coUisions can be considered to be a number of tube-tube collisions, and 
the tubes can be considered as colliding nuclei. 
17 
1.3.4 Bjorken model 
Bjorken model [33] is used for estimating initial energy density in nucleus-
nucleus collisions and it is also called as inside outside cascade model of 
nuclear collisions[34]. In this model the target and projectile nuclei can be 
shown as two thin discs as shown in Fig.l.3(a). The longitudinal thickness 
can be neglected because of the high energy density so that the longitudinal 
coordinates of the two colliding nuclei are almost the same. 
Let us consider two nuclei coming towards each other from two extremes of 
Z axis, ie., Z = -oo and Z = +00, with relativistic velocities. Collision will 
take place at the point (Z,t)= (0,0) as displayed in Fig.1.3(b). The quanta 
which carry the energy deposited in the collision region around Z ~ 0 can be 
in the form of quarks, gluons, or hadrons. The space time evolution of the 
collision is depicted in Fig. 1.4. It is believed[32] that in a relativistic colli-
sion at (Z,t) = (0,0), the energy density will be quite large and quark-gluon 
plasma is likely to be formed. In order to estimate the initial energy density, 
a longitudinal length AZ around Z = 0, where the matter is at rest, is taken 
into consideration. If A is the overlapping transverse area then volume is 
estimated from: 
18 
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Fig. 1.4 Space-time evolution in a nucleus-nucleus collision 
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V = AAZ 
The number density in the given volume at Z = 0 and at the proper time TQ 
is given by 
AiV dNdy , 
y = o (15) AAZ Adydz 
where TQ is the time of formation of the quark-gluon plasma, y is rapidity of 
the particle and AN is the number of particles present in the volume AAZ. 
If ET is the transverse energy of a particle then the total energy contained 
in the collision region is given by 
E = N^Ay (16) 
dy 
where ET is the transverse energy defined as ET =• rriTCOshy. 
Average value of the initial energy density covering the transverse area A at 
proper time TQ is 
rriTdN , , , 
where TTIT is the transverse mass defined by TUT = JPT + TT'''^- This expres-
sion can be written in terms of transverse energy as[33]: 
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where ET = Z^ j Eisin9i, Ei and 9i being the total energy and emission angle 
of ith particle. 
According to Bjorken model the value of initial energy densities are found as 
eo ~ 1.3 GeV/fm^ at AGS energy, for which dE/dr] = 200 GeV in a central 
Au-Au collision and eo ~ 3 GeW/fvn? at the SPS energy having dE/d?? = 
450 GeV for the central Pb-Pb collisions [33]. 
1.3.5 Lund Monte Carlo modeliFRITIOF 
FRITIOF is a Monte Carlo implementation of the Lund model proposed in 
1987 for hadron-hadron, hadron-nucleus and nucleus-nucleus collisions[35] at 
high energies. String formation and its fragmentation, the two unique prop-
erties of relativistic nuclear collisions, are the two basic features of this model. 
It may be mentioned that a string is a longitudinally oriented object formed, 
when the nucleons of the projectile come closer than a minimum distance, d 
< (f^ /vAr/Tr)^ /^ . This model envisages the formation of string as a result of 
momentum exchange, i.e., longitudinal excitation as shown in Fig2.8. This 
means that when two hadrons with large momenta lead to the formation 
of two longitudinally excited objects, called strings. According to LUND 
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model[33] transverse momenta and masses are assigned to the string pieces 
at string fragmentation. 
The FRITIOF code is written with the help of FORTRAN 77. In the main 
programme the different variables such as atomic and mass numbers, pro-
jectile energy and the number of events can be separated by the user. For 
example, the subroutine JETSET in the FRITIOF code takes care of the 
hadronization and decay of particles. 
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CHAPTER II 
EXPERIMENTAL DETAILS 
CHAPTER II 
Experimental Details 
2.1 Introduction 
In this chapter the experimental technique used in this study and the de-
tails of various models of high energy nucleus-nucleus collisions[l] are presented. 
Detection and identification of charged particles produced in high energy nuclear 
collisions require measurement of a number of parameters, for example, space lo-
calization of the trajectories of the charged particles, measurements of momenta, 
charges, emission angles, etc. The mass of a particle can be determined by mea-
suring momentum and energy of the particle. 
The use of nuclear emulsion as a detector, as well as analyser, was first made in 
1946 for studying cosmic ray events. Emission characteristics of charged particles 
produced in high energy hadron-hadron(h-h), hadron-nucleus(h-A) and nucleus-
nucleus (A-A) collisions have been extensively investigated using nuclear emul-
sions. It is interesting to mention that a large number of versatile detectors, are 
being currently used in high energy physics experiments but owing to very high 
spatial resolution and compactness of nuclear emulsion, together with its capabil-
ity to retain a permanent record of events, has made it a unique detector, which 
is favoured in many front ranking high energy physics experiments. One of the 
most prestigious high energy experiments, which is being currently carried out 
at CERN, is the CHOURUS experiment, which uses nuclear emulsion to detect 
events related to neutrino oscillations[2]. Nuclear emulsion technique is widely 
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used for measuring of multiplicity and angular distributions of produced parti-
cles. Due to permanent recording of events, events once recorded, can be studied 
at any time in the future. Nuclear emulsions have great stopping power, which 
is 1700 times more than that of the standard air[3]. Owing to high stopping 
power of nuclear emulsion, a large fraction of slower particles come to rest in 
emulsion before decaying. The ranges and rates of ionization energy loss can be 
measured in order to identify the particles. Even neutral particles can be detected 
in emulsion from their decay modes. Life time measurements of many unstable 
elementary particles have also been made in emulsion; life times as small as ~ 
10~^^ second have also been measured using this technique. 
In addition to the above mentioned advantages, nuclear emulsions have also 
some inherent demerits. One of these is the fact that its composition cannot be 
altered arbitrarily. So interactions which are studied using nuclear emulsions are 
limited to those with nuclei present in it or to those nuclei with which emul-
sions may be loaded. Another disadvantage relates to the smallness of volume in 
which a particular phenomenon is investigated . Because of the limited size of 
the microscope field of view, it is difficult to correlate events which are situated 
at distances greater than one field of view. 
There are two categories of the detection methods:(i)the non destructive 
method and (ii)the destructive method. 
The non-destructive methods are used mainly for the detection of charged par-
ticles. The destructive methods are mostly used for the detection of neutral 
particles. It may be noted that what-ever method one adopts , the basic princi-
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pie involved is the interaction between particle and detector medium to give some 
observable signals. Detection actually involves measurement of these observables. 
Detectors are classified into two groups: (i)visua] detectors and (ii)electronic de-
tectors. Nuclear emulsion, Bubble chamber, etc., are examples of visual detectors 
and they provide ATT angular coverage. These methods are employed to study par-
ticle multiplicities, cross sections, etc. 
On the other hand electronic readout detectors provide uniform angular cover-
age. They are used to study single particle spectra,two particle correlation, etc. 
Multiwire proportional chambers, photon multiplicity detector, electromagnetic 
and hadron calorimeters, etc., are examples of electronic readout detectors. 
2.2 Composition of nuclear emulsions 
The basic constituents of nuclear emulsion are H, C, N, 0 and AgBr. The 
AgBr crystals, with a small admixture of iodine, are embedded in gelatine[4,5]. 
The composition[6] of the most commonly used nuclear emulsion is given in Ta-
ble 2.1. The chemical composition by mass of the emulsion can be summa-
rized as: ~ l%hydrogen(H), 16% carbon-nitrogen-oxygen(CNO) and 83% silver-
bromide (AgBr). The main function of gelatine is to provide a three dimensional 
network which serves to isolate the halide crystals. Gelatine is a complex sub-
stance which has the capacity to absorb large amount of water, which helps keep 
the emulsion moist. This property is of vital importance for recording the tracks 
of charged particles in emulsion. The gelatine also prevents the migration of 
halide crystals during development and fixing stages. The ratio of AgBr to gela-
tine is 1:1 by mass. Out of the different makes of nuclear emulsions, the most 
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widely used is the Ilford G-5 emulsion. Table 2.2 gives the standard composition 
of Ilford G-5 emulsion at a density of 3.815 gm/cm^, at relative humidity of ~ 
61%[7]. 
Table2.1:Chemical composition of standard G5 nuclear emulsion correspnding to a 
density of 3.81gm/cm^ 
Element Density 
gm/cm^ 
No of atoms/cm"^ 
(x 10^2) 
Charge 
Z 
Mass number 
A 
H 0.05 3.21 1 1 
C 0.27 1.39 6 12 
N 0.07 0.32 7 14 
0 0.25 0.94 8 16 
s 0.01 0.01 16 32 
Br 1.33 1.01 35 80 
Ag 1.80 1.02 47 108 
2.3 Track formation 
The passage of a charged particle through nuclear emulsion leaves behind 
a trail of ionization produced in AgBr crystals. The energy loss per unit distance, 
-dE/dx, is the physical quantity that characterizes the passage of a charged par-
ticle. When a charged particle passes through a medium then it looses some of its 
energy and this energy is transferred to the atoms of the medium by ionization 
or excitation of the atom. The main contribution to the energy loss for heavy 
charged particles is due to excitation[6]. 
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Table 2.2: Properties of various emulsions sensitive to singly charged relativistic 
particles. 
Type of emulsion Density 
(gm/cm^) 
Mean diameter of 
the undeveloped 
grain (/xm) 
Mean diameter of 
the developed 
grain (/xm) 
Ilford-L4 3.815±0.035 0.14 0.30 
Ilford-K5 3.828±0.035 0.20 0.40 
Ilford-G5 3.828±0.035 0.27 0.60 
Nikfi 3.815±0.035 0.28 0.28 
The mean rate of energy loss, -dE/dx, by a charged particle, while travelling 
through a medium, is given by Bethe-Bloch formula[8]: 
d ^ _ ATtNZz'^e^ 2mv'^ j - ) W f ( ^ ^ ^ ) - ^ (1) 
where Z and A are the mean atomic and mass numbers of the target atoms of 
the medium, ze is charge of the moving particle, N is Avogadro's number, m is 
the rest mass of electron, c is speed of light in vacuum and I denotes the mean 
ionization potential of the target atoms. 
The energy lost by a charged particle is transferred to the atomic electrons. 
If the energy transferred is greater than the ionization potential then the atom is 
ionized and an electron is released. Some halide grains produced by ionization, 
when immersed in a developer, turn into grains of silver,which appear black[9,10]. 
Thus a charged particle passing through emulsion leaves behind a trail of black 
grains called track. By examining the characteristics of a track, ionization pro-
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duced may be determined and information about the charge and velocity of the 
particle can be disentangled. Charged particles moving with relatively higher 
velocities produce weak ionization and hence the grains formed are quite rarer. 
A part of the energy loss of a charged relativistic particle that moves with 
the velocity greater than the velocity of light in that medium, causes Cerenkov 
radiation[ll]. The energy loss in the form of Cerenkov radiation contributes to 
only about 2% of the relativistic rise in the total ionization energy loss[12]. Hence 
effect of Cerenkov radiation is generally neglected. The tracks produced in an 
interaction appear to come from a single point called vertex. A recorded interac-
tion in emulsion is referred to star owing to its characteristic appearence. 
2.4 Scanning 
The process of locating the interactions in the nuclear emulsion is known as scan-
ning. There are two standard methods for searching events in nuclear emulsion. 
These are: 
(i) line scanning and (ii) area scanning. 
(i) The method of line scanning is used in the case of conventional stacks, where 
particle or ion beams are made to strike parallel to the plane of the emulsion 
pellicles. In this method a track is, first of all, followed upto the exposed edge of 
the emulsion plate to ensure that it is not coming out from an interaction. Only 
those primary tracks which lie at distances greater than 50/im from air and glass 
surfaces are selected for line scanning. In the present experiment 40X objectives 
and lOX eyepieces on NIKON binocular compound microscopes were used for 
carrying out line scanning. The line scanning is mostly used in the following 
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situations: 
(i) The flux of the beam is small spreading throughout the leading edge. 
(ii)The beam has a small dip, ie., the length of traversal of the beam is large, 
(ii) area scanning: Interactions occurring in emulsion are collected by area scan-
ning. 
A given volume of emulsion in one strip is scrutinized carefully for the occur-
rence of any interaction. The full depth of the pellicle is examined by using the 
z motion of the microscope. In this way, the whole volume is scanned through 
the field- by- field scrutiny. Area scanning is mostly used when primary particles 
enter the pellicle over a wide solid angle. Area scanning is faster than the line 
scanning. But in area scanning low multiplicity events, also known as white stars, 
are likely to be missed. It also does not yield the required information necessary 
for determining the mean free path of the incident beam. 
In the present experiment, a stack of Ilford G5 emulsion exposed to 14.oA 
GeV/c ^^Si nuclei from the AGS(BNL) is used. A random sample of 505 interac-
tions with n/i>0, where Uh represents the number of charged particles produced 
with relative velocity ^<0.7 is analysed. Another data sample comprising of 530 
interactions with the same description produced in the collision of 4.5A GeV/c 
^^Si nuclei from Synchrophasotron(Dubna), with emulsion is also analysed to ex-
amined the dependence of certain parameters relating to multiparticle production 
in nuclear collisions on the incident energy. 
2.5 Ionization measurement 
Ionization is an important parameter used in estimating the velocity and charge 
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of a particle. Ionization can be determined by carrying out the following mea-
surements. 
(i) Grain density (ii) Blob density (iii) Blob and gap densities (iv)Delta ray den-
sity. 
2.5.1 Grain density 
Grain density is defined as the number of grains developed per unit length of the 
tracks. Grain density method is employed for the case of particles moving with 
relatively higher velocities. By measuring the grain density g, specific ionization, 
g*, can be calculated using the relation, g* = -^, where go represents the mean 
grain density on the tracks of the primary particles. It may be noted that g* is 
proportional to -f dE/dX, that is, 
g* oc +dE/dx oc z^p'^fiP) (2) 
where ze is the charge of the particle, ^ = -, is the relative velocity of particle 
and f{f3) is a function depending upon the relative velocity p. 
For a singly charged particles z = 1 and hence 
g* oc 1/P'm 
Thus, by measuring grain density one may estimate the velocity of the charged 
particle. 
2.5.2 Blob density 
This method is used for the charged particles moving with moderate velocities. 
In such a case some of the grains may be clogged together to form clusters cre-
ating difficulty in counting of the grains. Counting of perfectly resolved blobs is 
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done without attempting to count the number of grains in the blobs-clusters of 
grains. The ionization[9] in such cases can be determined by measuring the blob 
density using the following formula, b= g exp(-Q:g), where b is the blob density, g 
is the grain density and a is a parameter depending on the grain size and optical 
resolution of the microscope. 
Fowler and Perkins[8] regard g as the most appropriate parameter for mea-
suring ionization. According to the authors the value of a should lie between 0.6 
and 0.7 //m for G5 emulsion. The value of a has been found to be equal to 0.64 
/j,m by our group [13]. 
2.5.3 Blob and gap density 
This method is used for charged particles having smaller velocities. Grains in 
such cases are mostly formed in clusters which makes the counting of grains very 
difficult [14-16]. The cluster of grains is also referred to as a blob and the gap is 
defined as the distance between two successive blobs. 
According to 0'Ceallaigh[17], the density of the gaps of lengths greater than 
or equal to T can be measured by using the following expression: 
H{1) = 5e(-g') (3) 
where B is the blob density and g is the coefficient of the exponential of the gap 
length distribution. The value of g can also be determined using. 
1 H 
9 = 1 rloge{~) (4) 
l\ — Lo n-> 
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where Hi and H2 are the numbers of gaps having lengths greater than or equal 
to 11 and I2 respectively. 
2.5.4 Delta ray density 
In general, when a charged particle collides with an atomic electron while passing 
through emulsion, it looses energy of the order of a few KeV. However, if this 
energy loss is greater than 5 KeV, then ejected electron is energetic enough to 
produce its own track branching out from the main track referred to as a (5-ray. 
According to C.0'Ceallaigh[17], the tracks having lengths greater than a cer-
tain minimum length are called as 5-rays. 
According to Tidman et al[18], only those grains which have displacements > 
1.58;xm are counted as 5-rays. The number of collisions having energy transfer > 
5KeV is given by expression: 
z^ 
ns = ^ / ( / 3 ) (5) 
Thus (5-rays method can be used to estimate the velocity and charge of a 
stopping particle in emulsion. 
2.6 Classification of secondary tracks 
Tracks of secondary charged particles are classified on the basis of their ionization 
or range or velocity. Based on the values of specific ionization, g* = ^, the tracks 
of secondary charged particles are classified into the following categories, 
(a) Shower tracks 
These are the tracks with specific ionization, g* < 1.4 corresponding to relative 
velocity ;5>0.7. These tracks are mostly produced by relativistic charged pions. 
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Tracks of protons having kinetic energy >400MeV also appear as shower tracks. 
The number of shower tracks in an interaction is denoted by Us-
(b) Grey tracks 
Tracks produced by charged particles having specific ionization, in the range: 
l-4<g*<10 and relative velocity in the range: 0.3</3< 0.7 are termed as grey 
tracks. These tracks are predominantly produced by protons having kinetic en-
ergy in the range: 30MeV<£'p<400MeV. A grey track has a range necessarily 
greater than 3mm. The number of grey tracks in an interaction is represented by 
Ug. Shower and grey tracks are jointly termed as compound particle multiplicity 
and designated by nc= rig + n^. 
(c) Black tracks 
These tracks have ranges from 10/im to 3mm and specific ionization g*>lO. These 
are eithter protons with energy <30MeV or multiply charged slower particles. 
Black tracks are produced due to evaporation of the excited residual target nu-
cleus. The particles producing black tracks have relative velocity P<0.3. The 
number of black tracks in an interaction is represented by rif,. Grey and black 
tracks are collectively termed as heavy tracks; their number in an interaction is 
denoted by nh= n/j + Ug. 
(d) Projectile fragments 
They are singly or multiply charged particles, which are confined to a narrow for-
ward cone defined by a certain angular cut depending on the beam momentum. 
They have charge z=2 and specific ionization g* ~ 4. 
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2.7 Angular measurements 
It refers to the determination of space angle of a track. To measure space angle 
we need to measure projected angle, 9p, and dip angle, 64. The projected and 
dip angles are measured in X-Y and Y-Z planes respectively and the solid angle 
is determined using: 
9s = cos'^lcosBp * cosBd] (6) 
where 6s is space angle. 
(a) Projected Angle 
The projected angle, 9p, is measured with the help of a goniometer having least 
count of 0.25°. The vertex of a collision is focused at the centre of the scale of 
the goniometer. The track of a primary particle is aligned with the reference line 
of the scale. The tracks of secondary particles are aligned one by one with the 
reference line and the goniometer readings are noted down. 
Projected angle is calculated using the relation: 
Op = tan-'{^) (7) 
where AY and AX are respectively the differences in X and Y coordinates of 
the two reference points. 
(b) Dip angle 
Dip angle is measured using the expression: 
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/\7 
Oa = tan-'i^) (8) 
where AZ and AX are respectively the differences in Z and X coordinates of the 
two reference points. It may be pointed out that thickness of emulsion stack is 
reduced after the fixation, hence the above formula is modified for taking into 
account the shrinking of the emulsion pellicles. Hence 9a is determined using 
0, = tan-^{^^^) (9) 
where SF is the shrinkage factor. For tracks having smaller angular separations 
the space angles are calculated using the following expression [19]: 
9s = cos~^[cos{tan'\——)) * cos{tan-\—^—))] (10) 
AA AvY 
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CHAPTER III 
STUDY OF FACTORIAL 
MOMENTS IN HEAVY-ION 
COLLISIONS 
CHAPTER III 
Study of factorial moments in heavy-ion collision 
3.1 Introduction 
Study of fluctuations in particle physics has a long history, going back 
to early cosmic ray observations. Ludlam and Slansky[l] were the first to 
advocate study of fluctuations on event-by-event basis in hadron-hadron col-
lisions at high energies. Attempts were made to answer the questions relating 
to non-statistical fluctuations employing the transform technique[2] but these 
were not rigorously followed up. The problem resurfaced again in the work of 
Bialas and Peschanski,[3,4] who suggested that fluctuations could be a man-
ifestation of intermittency in hadron physics, a phenomenon well known in 
fluid dynamics. If intermittency occurs in particle (multiparticle) production 
in hadronic collisions, large density fluctuations are not only expected but 
should also exhibit self-similarity with respect to the size of the phase space 
volume. 
The occurrence of intermittent behaviour of spectra of particles created 
in high-energy collisions was suggested [3] as a way to understand the ap-
pearance of "spikes" in rapidity distributions observed in some high-energy 
physics experiments[5,6]. It is worthmentioning that "spikes" simply refer to 
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clustering of many particles in very small rapidity intervals. 
In high energy physics, intermittent type of fluctuations were first observed 
in the analysis of the distribution of produced particles in the cosmic ray 
JACEE event[5]. According to Bialas and Peschanski intermittency is a 
phenomenon of a power law behaviour of scaled factorial moments with de-
creasing bin size. The power-law behaviour of the scaled factorial moments 
indicates the existence of self-similar property. The concept of self-similarity 
is closely related to multifractality. A positive evidence of intermittency was 
found in e^e~ annihilation[7,8], hadron-hadron[9,10], hadron-nucleus[ll-13] 
and nucleus-nucleus coIlisions[14-19]. 
Recently, evidence for intermittency has also been found in nuclear multifrag-
mentation[20,21]. Moreover, NA49 Collaboration[22] presented an event-by-
event analysis of fluctuations in central Pb-Pb collisions at 158 GeV per 
nucleon energy. In addition to the efforts made in experimental studies on 
non-statistical fluctuations, many milestones have been achieved on theoret-
ical front as well. The non-statistical fluctuations are also termed as dynam-
ical fluctuations that may be present at all stages of the collision process and 
which arises due to the process of thermalization, hydrodynamical expansion 
and ending with the hadronization and freezeout. The importance of study-
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ing fluctuations lies in the fact that these fluctuations may be present during 
the formation of QGP. Hence dynamical fluctuations serve as an important 
probe for the study of QGP formation. The phenomenon of multiparticle 
production in relativistic nucleus-nucleus collision may be clearly understood 
by studying fluctuations[23] in multiplicity and pseudorapidity distributions 
of secondary particles produced in such collisions. Further more, study of 
fluctuations helps to understand the mechanism of QGP formation[23,24] in 
ultrarelativistic heavy-ion collisions. 
It is interesting to note that an important and useful method for inves-
tigating dynamical fluctuations was proposed by Bialas and Peschanski[3,4]. 
If non-statistical fluctuations are large in the rapidity distribution then this 
may be used as a possible signature of the phase transition[25] from ordinary 
nuclear matter to de-confined state of quark-gluon plasma. 
In this chapter, relativistic mathematical formalism necessary for the 
study of intermittency in relativistic heavy-ion interactions is presented. Oc-
currence of intermittent behaviour which is the projection of a non-thermal 
phase transition, is believed to take place during the evolution of the collision. 
Description of models dealing with the characteristics of nuclear collision is 
also given. Finally, various important features of the occurrence of intermit-
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tency in 4.5A and 14.5A GeV/c "^^Si nucleus interactions are described.These 
results are compared with the corresponding results for the FRITIOF data. 
3.2 Mathematical formalism for investigating intermittency 
Several high energy physicists started taking interest in the study of inter-
mittency in high energy collisions after the observation of JACEE events 
observed in some high energy physics experiments[5] and later in the colli-
sion of heavy ions. Bialas and Peschanski[3,4] were the first two physicists, 
who have carried out extensive work for studying intermittency. According 
to these authors, a limited pseudorapidity range AT/ is divided into M bins 
of equal size, drj = ^ . If rim represents the number of particles appearing 
in the m*'* bin, where the value of m varies between 1 to M, on applying 
the averaging method, we get two types of moments namely: (i) Horizontal 
factorial moments (ii) Vertical factorial moments. 
3.2.1 Scaled factorial moments 
Bialas and Peschanski proposed the method of factorial moments[3,4] to 
study non-statistical fluctuations in multiparticle production. The factorial 
moment of q*^ order involving multiparticle production in a single event is 
defined[26] as: 
F = ilf9-i y nm{nm-i) (n^ + g - 1) . 
m= 
t, N{N-1) (AT-^ + i) 
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where N represents the total number of charged particles in an event lying in 
the pseudorapidity interval, A77 and n^ is the number of relativistic charged 
particles in the m*'' bin for a single event and q is a positive integer. 
Now, for a sample of events having varying multiplicities the above expression 
transforms to[27]: 
F = M"-^ V ""^^^^-^) {rim + q-l) ,^. 
where < A'' > is the mean multiplicity of the particles for all the events in the 
interval A77, which is also called phase space window. The average value of 
q"^  order factorial moment for an ensemble of events may be obtained using: 
^ p ^ ^ ' ~ ' Y- V^ »m(nm-i) (n^ + g - 1 ) ,„. 
< '^^ =^£S ^^^ ^'^ 
The factorial moment < Fg > averaged over many events is equal to the 
moment of a true probability distribution of the particle density in pseudo-
rapidity space[3,4]. It is interesting to mention that for a smooth rapidity 
distribution, which do not show any fluctuations except the statistical ones, 
< Fg > is considered to be independent of the resolution, 577 in the limit 
6r] —>0. Although in the presence of non-statistical fluctuations the scaled 
factorial moments will obey the power law behaviour which can be expressed 
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as follows: 
< F, >= i^r" (4) 
for the condition 7^7 —>0. 
It has been pointed out that the (pg spectrum is termed as intermittent when-
ever the above power law is true. The power law behaviour of < F^ > is re-
ferred to as intermittency and the exponents, (l)q are known as intermittency 
indices, which can be directly retrieved from the slopes of ln< Fg > versus 
-\n6T] plots. The slope, (j)g, a characteristic parameter of the intermittency, is 
obtained from the following expression: 
, Aln < Fg> 
'^ ^ = - AlnSrj ^'^ 
The scaling behaviour of the factorial moments is correlated[28] with the 
physics of fractal objects(particle emission sources) through the anomalous 
fractal dimensions dq, which can be computed directly from the fitted slopes 
(f)q by the relation [29]: 
In order to account for the nonuniform shape of the single-particle pseudora-
pidity distribution varying within a finite bin of width 5r], it was suggested by 
Fialkowski et al[30] that the factorial moments can be corrected by including 
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a M dependent factor, Rg which is given by: 
R^ = M'-^ Yl ^ " " ^ ^ ' ' (7) 
where 
Therefore, the corrected g*'' order scaled factorial moment is given by the 
following expression: 
< Fg >eo. . .= ^ ^ (9) 
Kg 
It may be noted that for flat distributions, the correction factor, Rg, is not 
of much significance. 
The study of q'^'^ order vertical factorial moments can be carried out by using 
the following expression: 
Now on performing averaging over all the events, the above expression takes 
the form: 
<Fg >=J^2^Jf-2^N,,t , (11) 
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where 
I Ne, 
< "m > = TT- E '^rn,i (12) 
denotes the average multipHcity of the data sample consisting of total num-
ber of events, Ngyf 
3.3 Random cascade model 
The results obtained[3,31] from the study of fluctuations in phase-space 
densities could reveal some important aspects of multiproduction process[32]. 
In fact, there are some preliminary experimental evidences[33] indicating the 
existence of interraittency patterns in rapidity. It was emphasized in ref.[33], 
that these results could indicate a new manifestation of the transition be-
tween quarks gluons and hadrons in multiparticle production, a crucial role 
being played by random cascading effects. 
It may be interesting to mention that in the case of fluid turbulence, the 
concept of the power law behaviour is well established. 
A worthnoting point is the use of an analogous approach for studying 
intermittency phenomenon in relativistic nuclear collisions and is, therefore, 
a matter of huge concern. The phenomenon of intermittency in turbulence 
was first explained with the help of cascade model[34]. 
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However, modifications in this model[3,4] were proposed by Bialas and Peschan-
ski, so as to make it effective for the study of multiparticle production in rel-
ativistic nuclear collisions. In this model, the pseudorapidity space is divided 
in a series of self-similar steps. If M represents the number of bins resulting 
from the binning of the total phase space into A parts of each step of the // 
iterations of the self-similar cascade, then M may be calculated from: 
M = X^^^ (13) 
drj 
for a total rapidity range Arj divided into bins of width STJ. 
The phase space division can be explained in terms of Cayley tree displayed 
in Fig. 3.1 or the phase space divison box diagram shown in Fig. 3.2 for 
the case of A=2. According to cascade model, a single multiparticle event 
can be described by a set of randomly chosen numbers, W's, one for each 
box of the phase space division diagram. The random numbers are taken as 
independent random realization of a random function following an arbitrary 
probability distribution r(W) with the following constraints: 
<W'' > = fwh{W)dW (14) 
and 
<W >= 1 (15) 
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Fig. 3.1 Cayley tree representation of intermittency 
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Fig. 3.2 Box diagram of intermittency. The initial phase space is divided 
into boxes following the Cayley tree scheme of Fig. 3.1. 
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The density Pm in the m*" bin is given by: 
Pm = ~flW^ (16) 
n = l 
1 p{m) 
where pirn) denotes the particle density in the m"' bin for which the path is 
defined through a sequence of indices n. 
It may be stressed that in the case of a second event, the random cascade 
model takes a new set of random choices for all W's in the tree structure. 
This leads to fact that all W's should be independent of scale at which 
they operate. In random cascade model the intermittent behaviour can be 
expressed as: 
n = < ( M , „ r > = < n VV'„'> = ( ^ ) ^ ^ ^ ^ (18) 
n = l ' 
This model yields the value of intermittency indices, which may determined 
from: 
^^ = InX ^'^^ 
This shows that the indices described above possess a multifractal spec-
trum[35]. 
The random cascade model is also called a-model[3,4] for A=2, where the dis-
tribution r(W) can be defined in terms of a two level probability distribution 
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given below: 
r{W) = p5{W - W^) + (1 - p)5{W - VF+) (20) 
where 0 < W^_ < W+ 
and the normalization condition demands 
pW^_+ ( l - p ) V F + = 1. (21) 
In the above expression W^{> 1) is the density of enhancement which occurs 
with a probability p at each step of the cascade and PF_(< 1) denotes the 
density depletion with probabiHty (1-p). "Spikes" and "Valleys" are created 
in the rapidity distribution due to the increase and decrease in the density 
respectively. For this particular case intermittency indices can be calculated 
from: 
3.4 Phase Transition and Ginzburg-Landau model 
Relativistic heavy-ion collisions are one of the most important source to un-
derstand the vacuum properties of QCD. In these collisions a new state of 
matter, known as quark-gluon plasma, is believed to be formed. This new 
state of matter is envisaged to be hottest and densest. The phase transition 
from de-confined QGP state to the confined hadrons is expected to take place 
Z^' 
. V VOC. N;; \J 
due to the subsequent cooling of the system. It may be noted that the only 
experimental observables are the final state particles, so one looks for the 
"finger prints" of such a phase transition by investigating the properties of 
these particles. 
The importance of studying non-statistical fluctuations lies in the fact 
that these fluctuations may occur during the QGP phase transition[36-40]. 
A large number of theoretical models have been put forward to explain 
the phenomenon of QGP phase transition. However, the Ginzburg- Lan-
dau model has been successfully used to predict important results regarding 
the occurrence of phase transition which can be tested by comparing the 
predictions of this model with the experimental results[41,42]. 
It has been pointed out[43-45] that the QCD phase transition may be of 
second order or a weak first order which depends on the number of quarks in-
volved in the phase transition. If we consider only two massless quarks, then 
there will be a possibility that the transition is of second order. However, if 
three massless quarks are involved, then the transition will be of the first or-
der [46]. The Ginzberg-Landau model has been extensively used for describing 
the scaling behaviour of the scaled factorial moments for both the first[35,46-
48] and the second order[46] phase transitions, the multiplicity difference cor-
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relations[48] and multiplicity distributions in the phase space[35,46,49]. 
In order to calculate factorial moments[36], the entire phase space is divided 
into small bins, each of width Srj. Here, 5 represents (5y(5(lnpT), where y is the 
rapidity and pr is the transverse momentum. The scaled factorial moments 
can be defined as: 
F,iS) = 7I (23) 
/ i 
where 
!,= - IDcj>{ldz\<t>\^yexp{-F\<P\) (24) 
and 
z = [ D(j)exp{-F\(j)\) (25) 
the free energy function,F, is expressed as: 
F((^) = I dz[a\ct)''\ + b\(f>' I + c| A(^|'] (26) 
where aoc (T-Tj.) 
represents deviation from the critical point. It may be noted that b and c 
appearing in the expression of free energy function F satisfying the condition, 
b,c>0 and |0|^ is related to the multiplicity density of the system. 
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3.5 Results and Discussion 
3.5.1 Study of ln< Fq > versus -Indr] plots 
Variations of ln< Fg > with -ln6r] for the experimental data are displayed in 
Figs. 3.3 and 3.4 for the interactions of 4.5A and 14.5A GeV/c "^^Si nuclei 
with emulsion, CNO and AgBr targets. The solid lines in the plots are the 
least squares fits to the experimental data. In Figs.3.5 and 3.6 Experimental 
results are compared with the corresponding results for the FRITIOF data. 
It is observed that for all the three types of interactions, the scaled factorial 
moment linearly increase with decreasing bin size 5T] at both the energies 
indicating thereby the presence of intermittent behaviour for all the three 
types of interactions. 
At a particular incident energy, the scaled factorial moments are found to 
have relatively higher values for the interactions due to CNO in comparison 
to those for the AgBr targets. This may be due to low multiplicities in the 
interactions due to CNO as compared those for AgBr targets[50]. It is to be 
noted that the scaled factorial moments do not show any significant change 
even when the energy is increased three fold. 
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Table 3.1 
Values of the slope parameters for various order of the moments. 
Data Type of Energy 02 03 4>A 05 06 
type interaction AGeV 
Si-CNO 4.5 0.168 0.443 0.778 1.166 1.577 
±0.030 ±0.114 ±0.297 ±0.570 ±0.875 
Si-CNO 14.5 0.373 0.917 1.399 2.133 2.742 
±0.035 ±0.130 ±0.140 ±0.149 ±0.144 
Experiment Si-Em 4.5 0.148 0.352 0.616 0.943 1.96 
±0.021 ±0.084 ±0.190 ±0.324 ±0.322 
Si-Em 14.5 0.329 0.831 1.365 2.003 2.624 
±0.036 ±0.136 ±0.167 ±0.130 ±0.114 
Si-AgBr 4.5 0.140 0.337 0.604 0.931 1.97 
±0.026 ±0.102 ±0.219 ±0.361 ±0.365 
Si-AgBr 14.5 0.313 0.749 1.276 1.933 2.475 
±0.040 ±0.161 ±0.159 ±0.043 ±0.175 
Si-CNO 4.5 0.073 0.178 0.298 0.420 0.765 
±0.024 ±0.083 ±0.165 ±0.251 ±0.365 
Si-CNO 14.5 0.116 0.246 0.416 1.478 2.505 
±0.047 ±0.131 ±0.216 ±0.153 ±0.266 
FRITIOF Si-Em 4.5 0.078 0.196 0.338 0.495 1.088 
±0.023 ±0.085 ±0.166 ±0.252 ±0.376 
Si-Em 14.5 0.100 0.224 0.388 1.828 2.465 
±0.049 ±0.128 ±0.207 ±0.284 ±0.104 
Si-AgBr 4.5 0.083 0.204 0.354 0.523 1.201 
±0.024 ±0.089 ±0.173 ±0.264 ±0.409 
Si-AgBr 14.5 0.093 0.217 0.380 1.094 1.910 
±0.050 ±0.128 ±0.206 ±0.172 ±0.216 
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3.5.2 Behaviour of Intermittency indices,0^, with q 
The intermittency indices, (f)g, are related with the strength of the intermit-
tent behaviour. The values of (j)g are obtained from the linear dependence 
of ln< Fg > on -InSr]. The values of (j)q for the experimental and simulated 
data involving three types of interactions are presented in Table 3.1. 
(^g versus q plots for the experimental data are exhibited in Figs.3.7 and 3.8 
and for the FRITIOF data. Figs 3.9 and 3.10 show the variations of (f)g with 
q. The slopes (j)g are observed to increase with the order of the moments, q. 
This trend of ^^ variation with q may reveal important property regarding 
the underlying dynamics. On comparing the results obtained for the exper-
imental and simulated data, it is seen that 0, increases linearly with q for 
both the data sets. Furthermore the patterns of the variations for the three 
groups of targets, namely, CNO, emulsion and AgBr are almost similar. 
3.5.3 Variation of anomalous dimensions, dq, with q 
The plots of anomalous dimensions, dg, with q for the experimental data 
on 4.5A and 14.5A GeV/c Si-A interactions are shown in Figs. 3.11 and 
3.12 respectively and for the FRITIOF data Figs 3.13 and 3.14 exhibit the 
variations of (pg with q. It is found that for all categories of interactions, dg 
increases with q. The nature of variations of dg with q for the experimental 
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and FRITIOF data are observed to be almost identical. 
3.5.4 Multifractal specific heat: 
Figs. 3.15 and 3.16 show D^ versus ^ ^ plots for the experimental data. The 
plots for the FRITIOF generated data are displayed in Figs. 3.17 and 3.18. 
The specific heat of the collisions can be obtained by measuring the slopes of 
the best fit to the data used in plotting Dq against ^•~-. The specific heats 
for the experimental and FRITIOF data are listed in Table 3.2. 
Table 3.2 
Values of the specific heats for ^®Si-nucleus interactions at different energies. 
Data 
type 
Energy/nucleon 
GeV 
CNO Em AgBr 
Expermental 4.5 
14.5 
0.439±0.021 
0.514±0.065 
0.429±0.117 
0.611±0.041 
0.436±0.109 
0.566±0.048 
FRITIOF 4.5 
14.5 
0.257±0.034 
1.095±0.111 
0.407±0.055 
1.249±0.123 
0.419±0.072 
0.424±0.104 
3.5.5 Non-thermal phase transition: 
Bialas recently proposed [51] that intermittent behaviour in the final state 
of multiparticle production in heavy-ion collision may be a projection of 
non-thermal phase transition believed to occur during the evolution of the 
collision, which in turn may be responsible for the occurrence of anomalous 
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events. A non-thermal phase transition in heavy-ion collisions is a type of 
transition in which the new phase need not be characterized by its thermo-
dynamical behaviour. The presence of non-thermal phase transition can be 
inferred by finding the value of Xg using the following expression: 
A, = i ^ (27) 
It may be stressed that Xg is expected[51,52] (to have a) minimum value for 
some real value of q=qc for the regions characterized by ^ < QC- There is a 
dominance of small fluctuations and in the region q > Qc, occasionally some 
large fluctuations might occur. 
Figs. 3.19 and 3.20 show the variations Xg with q for 4.5A and 14.5A 
GeV/c ^^Si nucleus collisions. Similar plots for the FRITIOF data are dis-
played in Figs. 3.21 and 3.22. It is observed that distinct minima occur 
at Qc around 5 for both experimental and FRITIOF data on 4.5A GeV/c 
Si-nucleus collisions. However, in the case of 14.5A GeV/c Si-nucleus inter-
actions distinct minima occur at 9c ~ 4 for the experimental data and at qc 
around 5 for the FRITIOF data. The occurrence of phase transition[52] may 
be discerned by these minima in the plots of the variations of A, with q. 
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CHAPTER IV 
MULTIFRACTAL STRUCTURE OF 
MULTIPLICITY DISTRIBUTIONS 
CHAPTER IV 
Multifractal structure of multiplicity distributions 
4.1 Introduction 
Study of high energy nucleus-nucleus collision is expected to address sev-
eral important issues relating to multiparticle production in such collisions. 
Besides these, these collisions are envisaged to create conditions necessary 
for the production of quark-gluon plasma. Various studies[l-4] suggest the 
possiblity of existence of a de-confined state of matter consisting of quarks 
and gluons at initial energy density ~ 3 GeV//m^ with a subsequent phase 
transition to hadrons. Several important and fascinating signatures[5] of the 
production of QGP have been proposed. One of the various possible sig-
natures of the QGP formation is the occurrence of fluctuations in particle 
densities. Investigations are carried out with an idea that a phase transition 
may lead to fluctuations in individual events which may manifest as clear 
peaks or spikes in the phase space domains[6-8]. 
In the field of hydrodynamic turbulence, the related phenomenon of in-
termittency is studied by investigating scaling properties of the moments 
of the relevant distributions as a function of bin sizes in the phase space. 
Intermittency is intimately connected to multifractal geometry[9,10] of the 
88 
underlying multi-particle production process. Multifractality has been the 
focal point of a number of theoretical investigations[ll,12] on the dynamics 
of multiparticle production. 
For investigating some important characteristics of the mechanisms of 
multiparticle production in relativistic nuclear collisions, a serious attempt 
was made by Bialas and Peschanski[13], who suggested a power law behaviour 
of the scaled factorial moments. It characterizes self-similarity and indicates 
the existence of fractal properties[9,10]. A fractal or a self-similar object has 
the characteristic property of satisfying a power law scaling behaviour, which 
reflects the underlying dynamics [12]. 
Various methods have been suggested for investigating the fractal structures 
in multiparticle data[14]. Fractals, in general, refer to the geometrical ob-
jects which do not possess any characteristic scale but instead are self-similar 
over many length scales[9]. However, it is of prime importance to know, while 
studying multiparticle production, which feature of high energy collisions has 
fractal nature. The existence of fractal nature can be understood in terms of 
the presence of holes in a cantor set[9,15] as shown in Fig.4.1. Deterministic 
chaos in nonlinear physics has been very well explained in terms of fractal 
measures[16]. 
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Fig. 4.1 Cantor Set (an example of fractal object). 
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Study of intermittent behaviour in the turbulent fluids is carried out us-
ing fractal dimensions[17]. This has prompted investigation of intermittency 
in multiparticle production in terms of multifractal formulation of the fractal 
properties in multiparticle production processes. It has been suggested[18] 
that fluctuations in rapidity distribution has a nontrivial multifractal struc-
ture. 
In multifractal analysis, inelastic collisions are considered as purely geomet-
rical objects with noninteger dimensions. A formalism for treating fractal 
dimensions and its generalization has recently been developed[17,19-22] and 
successfully applied to the study of intermittent behaviour in turbulent fluids 
and other transitions to chaos. 
It is interesting to note that multifractal analysis allows an extension of 
our study to the negative moments, whereas the factorial moments are de-
fined for positive integral values of the order of the moments. Carruthers 
and Minh[23] were the first to carry out study of the fractal dimensions in 
multiparticle production. Several authors[17,18,20,23] have adopted diff"erent 
approaches to study the fractal dimensions. However, Hwa[ll] was the first 
to provide an attaractive formalism based on Gq moments for investigating 
multifractality. These moments are, however, dominated by the statistical 
9 1 
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fluctuations in the low multiplicity events. In order to eliminate the statisti-
cal fluctuations, Hwa and Pan[14] suggested a modified form of G moments 
and derived an expression connecting intermittency indices and the general-
ized dimensions. The method of Gg moments has been applied to understand 
multifractality in lepton, hadron and nuclear coIIisions[24-26]. 
Recently, Takagi[l9,27] has proposed a novel method for investigating 
fractal structure, in which the difficulties faced in the conventional method 
have been addressed. Takagi has pointed out that[28] experimental data do 
not show the expected linear behaviour in a InGq vs -In^ Ty plot and this is 
partially due to the fact that most of the approaches are unable to take into 
account the required mathematical limit: the number of points tending to 
infinity. Additionally, Takagi[27] applied this method to study fractality in 
UA5 data on proton-antiproton collisions[29] and TASSO and DELPHI data 
on e" - e"*" annihilations[30,31]. 
It may be remarked that these two methods have their own merits and demer-
its, yet these are the two most widely accepted methodologies for extracting 
information about fractal structure in multi-particle production process. 
In this chapter, method of multifractal moments[ll] is used to investigate 
the scaling properties of relativistic nucleus-nucleus collisions. The mathe-
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matical formalism used to study multifractality is presented in Section4.2. 
Experimental results are presented in Section4.3. 
4.2 Mathematical formalism for studying multifractals 
In order to study multifractality, a given pseudorapidity range, Ar]= rjmax — 
Tjmin, is divided into M bins of width ^V — ^- If ^j represents the particle 
multiplicity in the j*^ bin, then we can define the multifractal moment, Gg, 
as[ll,18]: 
G, = UPJ)' (1) 
Summation is carried out over the non-empty bins only, so that q can cover 
the whole spectrum of real numbers. Let M be the number of non-empty bins, 
that constitute a set of bins that have fractal properties. For an ensemble of 
event, the averaging is done as: 
1 t^evt 
<G,>=^T.G, (2) 
where N^yt stands for the total number of events for a given data set. If 
there is self-similarity in the production of particles, then Gq moments can 
be expressed in the form of the following type of power law: 
< Gg >cx {STJY^ (3) 
where tg are the mass exponents. The linear dependence of In < Gg > on 
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Indrj over all the windows is as: 
Aln<Gg> , . . 
t, = hmsr,-.o ^^^^^ (4) 
Once tg is determined from G,, one can make use of the theory of multifrac-
tals[9,20] to calculate f{aq) functions from the Legendre transform: 
/(«<?) = qag - tg (5) 
where a^ are referred to as Lipschitz-Holder exponents [32]. It may be men-
tioned that study of the spectral function, f(Q!g) is one of the main interests 
for investigating multifractality. 
The spectrum /(ctg) is a smooth function, concave downward with its 
peak around q = 0, representing fluctuations in a pseudorapidity distribu-
tion from event to event. The spectrum / ( a , ) actually gives a quantitative 
description on the multiplicity fluctuations in both the dense and the sparse 
regions of the pseudorapidity space, corresponding to the left wing and the 
right wing of the spectrum. If f(ag) is not sharply peaked at ag correspond-
ing to q = 0, it reveals the fact that the pseudorapidity distribution is not 
smooth in the phase space from event to event. The width of the spectrum 
{f{ocg) reflects the inhomogeneity[ll] of the pseudorapidity distribution. 
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The most basic property of the fractal measures are their dimensions. 
The generalized dimensions, Dq, is evaluated from 
q-l D, = - ^ (7) 
It may be noted that if Dq decreases with increasing q, the pattern is known 
as multifractal and, on the other hand, if Dq remains constant, the pattern 
is referred to as monofractal[19,33]. From the fractal spectrum J{oiq) the 
generalized dimensions at q = 0, 1 and 2 are known as fractal dimension 
Do = /(o!o), the information dimension, Di — f{a\) and the correlation 
dimension D2 = 2Q;2 — /(^a)- Thus, one may carry out analysis to Gq mo-
ments from the experimental data of multiparticle production at relativistic 
energies and can construct continuous scaling functions f{aq)-
4.3 Results and Discussion 
4.3.1 Variation of ln< Gq > with -InSr] 
The multifractal moments ln< G, > as a function of -\n6r] for the inter-
actions caused by 14.5A GeV/c ^^Sinuclei with CNO, Emulsion and AgBr 
groups of targets are plotted in Fig. 4.2. From the figure it is clearly evident 
that ln< Gq increases linearly with -In^r;. It may be noted that the moments 
with positive q values show linearity over a wider range of 5rj, whereas the 
moments with negative q values saturate with decreasing Srj value. This 
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96 
saturation effect could be attributed to tfie availability of a smaller number 
of particles as the bin size decreases. The observed linear rise of the mul-
tifractal moments in pseudorapidity phase space is a manifestation of the 
self-similarity in the multiparticle production process. 
Fig. 4.3 displays In < Gg > versus -InSrj plots for the FRITIOF generated 
data. The plots for the FRITIOF generated data are observed to be quite 
similar to the corresponding experimental plots. It may also be noted from 
these plots that the multifractal moments for the interactions due to CNO 
targets tend to saturate earlier than those for the collisions due to AgBr 
targets. This effect may be attributed to relatively lower multiplicities in 
the inetractions due to lighter targets as compared to those with the heavier 
targets[26]. 
4.3.2 Mass exponents 
The slopes tg are obtained from the linear region of ln< Gg > versus -In^rj 
plots. In order to fit the curves, only the linear region are considered. Fig.4.4 
shows that observed slopes, tg, are found to be almost similar with the cor-
responding FRITIOF values. For examining the target dependence of the 
mass exponents, tg is plotted against q in Fig.4.5 for various targets, CNO, 
Em and AgBr. The mass exponents, tq are observed to increase with increas-
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Fig. 4.3 ln<Gq> with -InSri for the simulated data on 14.5A GeV/c. 
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Fig. 4.5 Variations of t witli q for the experimental data on 14.5A GeV/c. 
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ing order of the moments, q for the experimental as well as FRITIOF data. 
It has been found tg have relatively lower values for the interactions due to 
AgBr than those for CNO, for q<l , whereas in the region corresponding to 
q> l , just opposite behaviour is observed. 
4.3.3 Dependence of generalized dimensions on q 
The values of the generalized dimensions, Dg can be determined buy using 
Eq.6. The variations of Dg with q has been shown in Fig.4.6. It is obvi-
ous from the figure that Dg have lower values for higher the values of q in 
comparison to those for the lower values of q. The generalized dimensions 
exhibit a decreasing trend with increasing q and have positive values for all 
order of the moments, q. This behaviour is in excellent agreement with the 
predictions of the multifractal cascade model[34]. 
It may be of interest to mention that Dg turns out to be more than unity 
for q <-2, a result in agreement with those reported[35] earlier for different 
projectiles over a wide range of incident energies. It is observed in the figure 
that generalized dimensions have higher values for the interactions due to 
heavier targets and this effect seems to be more pronounced for the cases 
corresponding to q<0. The reason for the higher values of the generalized 
dimensions for the interactions due to heavier targets may be attributed to 
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increase in the average multiplicity with increasing target mass[26]. The vari-
ations of Dg with q are plotted in Fig.4.7 for the experimental and FRITIOF 
data. It observed from figure that Dg decreases with increasing q. 
The generalized dimensions Dg, plays an important role in the fractal the-
ory. More specifically, the set of conventional dimensions DQ, Dy and D2 
corresponding to q = 0, q = 1 and q = 2 respectively, are calculated and the 
values are listed in Table4.1. 
Table 4.1. Values of Do, Di and D2 for 14.5A GeV/c ^^Si-nuclues interactions. 
Interaction type Do Di D2 
Si-CNO 0.94 0.72 0.72 
Si-Em 0.92 0.71 0.71 
Si-AgBr 0.97 0.77 0.77 
4.3.4 Dependence of {{aq) on aq 
Fig.4.8 represents i{ag) versus a, plots for the experimental and FRITIOF 
data. The spectrum, f(Q!g) is concave downwards centered around ag = 0, 
which is compatible with the gluon model[18]. However, i{ag) is not peaked 
in any of the cases studied which is an indication of non smooth nature of 
multiplicity distribution of the particles produced in the interactions consid-
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ered in the present study. 
In order to investigate whether i(ag) depend on target mass, the spec-
trum i{aq) for ^^^i-nucleus interactions are plotted in Fig.4.9. The spectrum 
i{ag) can be used in determining the fractal dimension, DQ, the information 
dimension Di and the correlation dimension D2. 
The values of these dimensions, DQ, DI and D2 found to be higher for the 
interactions due to AgBr in comparison to those for the CNO interactions. 
These three dimensions are sensitive to the production mechanism of the 
multiparticle processs[36]. The spectrum f(Q;g) characterizes completely the 
dynamics of the particle production, as revealed in the multiplicity fluctua-
tion. However, all the spectra are wide enough to indicate the ocurrence of 
multifractality. 
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CHAPTER V 
SUMMARY 
CHAPTER V 
Summary 
As already stated dynamical fluctuations are one of the most important sig-
natures of QGP formation. Investigation of non-statistical fluctuations in 
multiplicity and pseudorapidity distributions of relativistic charged particles 
produced in nuclear collisions is regarded as one of the most significant and 
useful methods to study the characteristics of these collisions. Idea of the 
fluctuations as a signal for the QGP formation is based upon the fact that 
formation of QGP would manifest itself in non-linear particle emission re-
sulting in unusual peaks and valleys in the multiplicity and pseudorapidity 
distributions. 
From dynamical fluctuations in multiplicity and pseudorapidity distribu-
tions of the particles produced, it is possible that some statistical fluctuations 
may also be present, arising due to the difference in the impact parameter of 
the various collisions producing these particles. A detailed study is required 
to separate out the statistical contribution from the fluctuations in order 
to investigate the fluctuations (that might arise) due to some novel physics 
phenomena. 
The observation of the power-law behaviour of the scaled factorial mo-
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ments, Fq, with decreasing bin widths, drj, referred to as intermittency, hints 
towards the presence of dynamical fluctuations in relativistic nuclear col-
lisions. The method of scaled factorial moments, proposed by Bialas and 
Peschanski for examining non-statistical fluctuations, is used to study the 
interactions of 4.5A GeV/c '^ ^Si-nuclei with emulsion, CNO and AgBr groups 
of targets. Presence of intermittency is revealed in the study of ln< Fq > 
versus -Indrj plots for all the categories of interactions. The factorial moments 
exhibit linear behaviour, implying power law behaviour and indicating the 
presence of intermittency in these collisions. It is interesting to note that the 
scaled factorial moments have relatively higher values for the interactions 
due to CNO targets in comparison to those for the interactions due to AgBr 
targets. This might be due to smaller multiplicity resulting from the inter-
actions due to CNO nuclei as compared to those for the interactions due to 
AgBr targets. 
The plots of ln< Fq > versus -\nSr) yields the values of the slopes, (j)g, 
known as intermittency indices. The value of intermittency index (^^) in-
creases with increasing order of the moments, q. The physical significance of 
cl)q is explained on the basis of self-similar cascade model. 
The scaling behaviour of factorial moments has been related to the physics 
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of fractal objects (particle emission sources), through the anomalous dimen-
sions, dq which are computed from the slopes (t)q using dq = (f>q/q-l. A 
knowledge of dq helps examine the fractal nature of particle emission source. 
It is observed that the anomalous dimensions increase with increasing order 
of the moments, q. 
On the other hand, generalized dimensions, Dq, may be obtained from dq 
with the help of Dg = 1-dq. The plot of generalized dimensions, Dq, versus 
lnq/q-1 gives the slope which yields the value of specific heat. 
Presence of non-thermal phase transition in relativistic nuclear collisions 
may arise due to intermittent behaviour in the final state of multiparticle 
production. For studying this behaviour Xq are plotted against q. The Ag 
= {(j)q -|- l ) /q plots show a distinct minimum at QC around 5 for both experi-
mental and FRITIOF data on 4.5A GeV/c ^'^Si-nucleus collisions. However, 
in the case of 14.5A GeV/c ^^Si-nucleus interactions a distinct minimum is 
observed at c^ ~ 4 in the case of experimental data and at QC around 5 for 
the FRITIOF data. This may be a signal for the ocurrence of non-thermal 
phase transition. 
Multiparticle production in relativistic nuclear collisions also exhibit the 
property of multifractality. In order to study multifractality in 14.5A GeV/c 
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^^Si-nucleus interactions, multifractal moments, Gq, as a function of phase 
space bin, Srj are dtermined. It is found that the plots of hi< Gq > versus 
-\n5ri exhibit a linear behaviour. This particular behaviour of multifractal 
moments is discernible upto a certain value of -h\6r] and thereafter saturation 
occurs. This linear behaviour favours the occurence of self-similar behaviour 
in multiparticle production. The saturation effect can be visualized to appear 
because of the increase in the number of bins in the events having multiplic-
ity 0 or 1 with decreasing bin size. It is observed that a similar behaviour is 
observed in the case of simulated data as well. 
The linear dependence of ln< Gq > on -\nSr] gives the mass exponents, 
tg. The portions of the curves showing linear behaviour are used for curve 
fittings. The mass exponents, tg are observed to increase with increasing 
order of the moments, q for the experimental as well as simulated data. It 
may be mentioned that tg have relatively smaller values for the interaction 
due to AgBr as compared to those for CNO targets, for q<l . However, in 
the region corresponding to q>l , an opposite behaviour is observed. 
Generalized dimensions, Dg, is determined using Dg =tq/{q-l). It is 
observed from the plots of Dg versus q that Dg have lower values for higher 
values of q in comparison to those for lower values of q. It may be noted 
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that the generalized dimensions are positive for all the order of the moments 
and exhibit decreasing trend with increasing value of q, which is the general 
property of the multifractals. 
The spectrum f(o;g) is constructed from the mass exponents, (t^); a , 
values are observed to be the continuous functions for all the projectiles 
considered in the present study. The spectrum i{aq) is concave downwards 
centered around a^ = 0. The spectrum f{aq) is not peaked in any of the cases 
studied which indicate a non smooth nature of multiplicity distribution of the 
particles produced in the interactions considered in the present work. From 
the study of spectral function f(a^), vital information about the dynamics of 
multiparticle production can be disentangled. 
Finally, it is concluded that the multifractal analysis provides a better 
approach for studying and understanding the fluctuations in multiplicity dis-
tribution than the intermittencv. 
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